A B S T R A C T It has been suggested that collecting duct sodium transport was inhibited by extracellular volume expansion. To directly evaluate this possibility, micropuncture of the papillary collecting duct of young rats was performed during hydropenia and Ringer loading. The possibility of heterogeneity of nephron function was evaluated during Ringer and hyperoncotic albumin loading by comparing the delivery of sodium to the end of the distal tubule of superficial nephrons with papillary base delivery.
A B S T R A C T It has been suggested that collecting duct sodium transport was inhibited by extracellular volume expansion. To directly evaluate this possibility, micropuncture of the papillary collecting duct of young rats was performed during hydropenia and Ringer loading. The possibility of heterogeneity of nephron function was evaluated during Ringer and hyperoncotic albumin loading by comparing the delivery of sodium to the end of the distal tubule of superficial nephrons with papillary base delivery.
During hydropenia (n = 14) , sodium delivery to the base averaged 0.95% of the filtered sodium load and reabsorption along the collecting duct was noted from base to tip in each collection pair averaging 0.80% of the filtered load.
During Ringer loading, sodium delivery to the base was markedly greater than in hydropenia, 11.8 vs. 0.95% of the filtered load (P <0.001). Yet, sodium reabsorption was also much greater, 6 vs. 0.8C%c (P < 0.001).
In 13 paired collections, during Ringer loading. sodium delivery to the papillary base, 12.2% of the filtered load, was consistently greater than late distal tubular delivery from superficial nephrons. 8%c (P < 0.005). In contrast, reabsorption of sodium from late distal tubule to papillary base was found during albumin infusion, 6.2 vs. 3.1% (P < 0.001).
Therefore, these studies demonstrate that: (a) the delivery of sodium to and reabsorption along the papillary collecting duct were markedly greater during Ringer loading than in hydropenia; (b) the amount of sodium delivered to the papillary base was greater than the de-INTRODUCTION Recent studies from several laboratories have suggested that the collecting duct' (CD)2 participates in the qualitative and quantitative regulation of sodium excretion (1) (2) (3) (4) (5) .
It was, in fact, suggested that inhibition of sodium reabsorption along the CD was a major determinant of the magnitude of the natriuresis of extracellular volume expansion (1. 2) . Similarly, Sonnenberg proposed that alteration in CD sodium transport was responsible for the deoxvcorticosterone acetate-escape phenomenon (5) . In all of tllese studies, the difference between end distal tubtular delivery (obtained by micropunctturing late distal tubules of superficial nephrons) and the fractional turinary excretion of the electrolyte was utilized as an index of CD transport. It should be recognized, however, that this method can only be a valid marker of CD transport if the delivery of the electrolyte to the end of 'In this paper, the collecting duct includes the connecting tubule, cortical collecting tubule, and collecting duct proper.
The possible differences in function in these segments will be discussed subsequently. 2Abbreviationis utsed in this paper: CD, collecting duct; (TF/P)1., tubular fluid to plasma inulin; (TF/P)N,, tubular fluid to plasma sodium.
The Journal of Clinical Investigation Volume 58 October 1976* 767-773 tlle distal tubtule of superficial nephrons is representative of overall nephroni function. In other words, the results obtained in these previous studies could be due to lheterogeneity of nephron function with soditum delivery to the CD being greater in more inner cortical nephrons in the models in whiclh the difference between fractional late distal delivery and urinary excretion of sodium diminished. To further investigate this possibility and to determine more directly sodium transport in the CD, direct puncture of the papillary CD of young rats was performed concomitant with collections of late distal tubular fluid of superficial nephrons during extracellular volume expansion.
METHODS
Studies were performed on male and female Munich-Wistar rats weighing 50-125 g. This specific breed of rats was utilized because they are endowed with an exceptionally large and accessible papilla (2 mm or more in most instances). Thle rats were anesthetized with Inactin (100 mg/kg; Promonta, Hamburg, W. Germany) and placed on a thermoregulated heating board. Two polyethylenle catheters wNere inserte(d in one jugular vein for infusion and adlministration of lissamine green, andl one catheter was placed in the carotid artery for blood withdrawal and moniitoring of blood pressure. A tracheostomy was performed and a PE-50 catheter was inserted in the bladder. A small left subcostal incision was made and the left kidney was gently separated from the adrenal gland and contiguous perirenal fat and placed in a plexiglass cup. The surface was illuminated with a fiberoptic light source and the kidney wvas bathed with mineral oil at 37'C. The preparation of the papilla was quite similar to that described by others (6, 7). The ureter was carefully dissected and opened at a point close to the pelvis and the papilla was then totally exposed by further dissection of the pelvic wall. The papilla was also continuously bathed in 37'C mineral oil and transilluminated with a small fiberoptic.
The animals were given a solution containing 10%o inulin dissolved in Ringer solution at a rate of 10 pil/min. While the inulin was equilibrating, proximal tubular transit time was performed and in some studies late distal tubular segments were localized with txwo or three injiectionis of lissaminie green (7 ,ul 
RESULTS
Hydropenia. Clearance results were obtained in four of the eight studies from the contralateral kidney. The contralateral glomerular filtration rate was 0.49 ml/ mnm wvhile the fractional sodiunm excretion was 0.04%'C. at the tip, P <0.001 (Fig. 1 ). In addition, the (TF/ P) Na ratio decreased from base to tip in each pair with a mean change from 0.43 to 0.13, P < 0.001 (Fig. 2) . The sodium delivery to the base ranged from 0.18 to 1.79% of the filtered load of sodium with a mean value of 0.95 (Fig. 3) . Reabsorption was noted from base to tip in each collection pair and averaged 0.8% of the filtered sodium load. The fractional reabsorption of the sodium load delivered to the base averaged 82%.
Ringer loading. In these studies, the contralateral glomerular filtration rate was 0.63 ml/min while the fractional sodium excretion rate was 4.4%.
As was the case in hydropenia, the (TF/P)in rose in each instance from base to tip with a mean change from 10.6 to 21.1 (P <0.001). The (TF/P)N. fell slightly from 1.10 at the base to 0.98 at the papillary tip (P < and averaged 11.8% (Fig. 4) . Reabsorption from base to tip was noted in each of the 25 paired collections with a mean value of 6.0% of the filtered sodium load. The mean fractional reabsorption of the sodium load delivered to the base was 51%. This was significantly less than the hydropenic value (P < 0.001). Delivery of sodium to and reabsorption along the papillary CD were markedly greater during Ringer loading than hydropenia (P < 0.001 for both values).
Comparison of late distal and papillary base sodium delivery. 13 pairs of distal tubular and papillary base collections were obtained during Ringer loading. In four of these observations, the papillary base was punctured before and immediately after the distal tubular puncture and the base values were averaged. 
16
END DISTAL Na DELIVERY (%) sodium delivery to the base exceeded end distal delivery by more than 5% of the filtered load. The mean base delivery, 12.3% of the filtered sodium load, was significantly greater than end distal sodium delivery, 8.0% of the filtered sodium load (P < 0.005).
As noted in the Methods section, late distal tubular flow rate in hydropenia was too low in these small rats for adequate collection. Therefore, to contrast the results of the Ringer loading studies with another experimental model, a comparison was made of late distal tubular and papillary base sodium delivery in rats given hyperoncotic albumin (n = 10). In the albumin studies sodium delivery to the late distal tubule of superficial nephrons, 6.2% of the filtered load, was 
DISCUSSION
In the present study, net reabsorption of sodium and water was noted along the papillary CD of young rats during both hydropenia and Ringer loading. In addition, the delivery of sodium to and reabsorption along the papillary CD were markedly greater during extracellular volume expansion than during hydropenia (compare Figs. 3 and 4) .
It has been suggested that sodium reabsorption along the CD was inhibited by expansion of the extracellular fluid volume (1, 2) . In these free-flow micropuncture studies in the rat, collecting duct transport was evaluated by comparing the fractional delivery of sodium to the end of the distal tubule of superficial nephrons with fractional urinary sodium excretion. It was found that the delivery of sodium to the end of the distal tubule of superficial nephrons was comparable during Ringer and hyperoncotic albumin loading; yet sodium excretion was threefold greater in the Ringer studies (1) . Similarly, end distal sodium delivery was not different between Ringer-loaded normal rats and animals that had been on a low salt diet for 2 wk while sodium excretion was much less in the low salt rats (2). Sonnenberg also reported that CD transport was inhibited during whole blood infusion and deoxycorticosterone acetate escape in the rat (4, 5) . Yet, the interpretation of all these studies in which an indirect measurement of CD transport was utilized must be made with caution, since this technique is valid only if the delivery of sodium to the end of the distal tubule of superficial nephrons is representative of overall nephron function. The results of the present study suggest that this is not the case. As is shown in Fig. 5 , there was a greater fraction of the filtered load of sodium delivered to the papillary base than to the end of the distal tubule of superficial nephrons during Ringer loading. This difference averaged 4% of the filtered load but was as great as 8.5% of the filtered load.
There are two possible explanations for this finding. First, it may be that there is net addition of sodium from the renal interstitium into the CD proximal to the base of the papilla. Since there was marked net reabsorption in the last portion of the CD, this would mean that net sodium transport in the opposite direction to that in the papillary CD would have to occur in the cortical collecting tubule and(or) outer medullary collecting segment. Although there are definite physiologic differences between the various portions of the CD (11), it seems unlikely that the net addition of sodium occurred in this manner. According to current concepts, the movement of sodium from interstitium to CD lumen would likely occur by means of a paracellular pathway (12, 13) . Tisher and Yarger recently demonstrated in the rat that the tight junction of the cortical collecting tubule and outer medullary CD was impermeable to lanthanum while the tight junction in the papillary CD segment was freely permeable to the marker (14) . The findings of Tisher and Yarger would suggest that circumstances which lead to back diffusion of sodium into the tubular lumen of the CD *system would be most readily detectable in the papillary CD. Yet, marked reabsorption of sodium was noted by direct micropuncture in this nephron segment during Ringer loading (Fig. 4) . Thus, although not excluded, it does not seem likely that the net addition of sodium from the end of the distal tubule to the papillary base was due to leakage of sodium from the renal interstitium.
Second, the delivery of sodium to the CD may have been greater from more inner cortical nephrons than the superficial nephrons accessible to micropuncture. If this possibility is correct, a consideration must be given to the age of the animals used in this study, since individual nephron function may be quite different in young rats. It is well known, however, that renal maturation follows a centrifugal pattern with the oldest nephrons being at the corticomedullary junction and the youngest in the subcapsular layer (15, 16) . It would seem surprising, therefore, that a reduction in the intrinsic capacity of inner cortical nephrons to reabsorb sodium would be apparent only in young rats, since inner cortical nephrons are better developed than those of the outer cortex in rats of this age. In addition, we have performed two additional micropuncture studies during Ringer loading in Munich-Wistar rats weighing 180 and 205 g. Late distal tubular sodium delivery was 4.2 and 5.40%, while papillary base Na delivery was 9.4 and 12.3% of the filtered sodium load, respectively, Thus, the findings in the present studies do not seem to be dependent upon the age of the animals studied.
There are a number of other possible explanations for a greater suppression of sodium reabsorption in more inner cortical nephrons during extracellular volume expansion. First, Daugharty et al. in the rat (17) and Bruns et al. in the dog (18) found that the filtration fraction fell to a greater extent in inner cortical nephrons during Ringer loading. Thus, assuming that the magnitude of the decrease in peritubular capillary oncotic pressure is a determinant of reabsorption in the proximal tubule (19, 20) , distal delivery of filtrate may be greater in deeper nephrons. Second, Kawamura et al. (21) and Jacobson and Kokko (22) have recently demonstrated basic electrophysiologic differences between the proximal convoluted and straight portions of superficial and juxtamedullary nephrons. It is possible that these and(or) some other intrinsic differences in the transport characteristics of superficial and juxtamedul-lary nephrons may account for heterogeneity of nephron function during Ringer loading. Third, it has been suggested that washout of medullary solute may influence sodium transport in some portion of the distal nephron (23) . This effect should be more marked in inner cortical nephrons, especially in the rat, since the loop of Henle of superficial nephrons does not descend into the inner medulla in this species.
In a previous study from this laboratory, a comparison was made of the segmental analysis of sodium transport along the nephron during Ringer loading and hyperoncotic albumin infusion (1) . Superficial late distal tubular sodium delivery was not different between the two groups, yet sodium excretion was three times greater in the Ringer studies. Quite comparable results were found in the present study. Late distal sodium delivery was again similar in the two groups (Fig. 5) , while fractional sodium excretion (determined from papillary tip collections) was 5.6 and 1.3% in the Ringer and albumin groups, respectively. It was previously suggested that the differencc in sodium excretion between the two groups was due to altered CD sodium transport (1) . Yet, in the present work in which direct papillary CD sodium transport was evaluated, absolute sodium reabsorption during Ringer loading was markedly increased in comparison to hydropenic values and was also greater than during hyperoncotic albumin infusion (6 vs. 1.9% of the filtered sodium load), P < 0.001. Also, there was net addition of sodium from the superficial late distal tubule to the papillary base in the Ringer studies and net sodium reabsorption in the hyperoncotic albumin studies with the difference in sodium delivery to the papillary base between the two groups being 8.6% of the filtered sodium load (P < 0.001).
As discussed in the previous section, the net addition of sodium between late distal tubule and papillary base in the Ringer studies seems more likely due to greater delivery of the cation to the CD from more inner cortical nephrons. Although other possibilities deserve further consideration, it is attractive to speculate that the difference in sodium delivery to the papillary base in these two groups is due primarily to depressed sodium transport in more inner cortical nephrons during Ringer loading.
This proposal is not contradictory to our previous observations utilizing the 'Na microinjection technique (1) Sonnenberg (24. 25) in which a modification of the microcatheterization technique of Jarausch and Ullrich (26) was utilized to measure CD sodium reabsorption during Ringer loading. In these two studies, either no net reabsorption (24) or even net addition of sodium was found along the papillary CD during Ringer loading. Yet, even aside from the marked technical differences between the microcatheterization technique and direct papillary micropuncture, the basic protocol in those two studies was quite different from that in the present work. In the first study, the rats had been on a markedly increased sodium intake for 1-3 wk before study (24) . This type of regimen has been suggested to modify the distal nephron response to acute Ringer loading (27) . In the second study, the degree of acute extracellular expansion was markedly greater than in the present study, with fractional sodium excretion increasing to values as great as 30% (25) . Further studies are needed to determine whether these apparent differences are a function of the model utilized to expand extracellular volume or of the technique of measuring CD sodium transport.
